A new type of ether-bonded packing for reversed-phase HPLC (RP-HPLC) was synthesized by reacting 1-octanol with β-(3,4-epoxycyclohexyl)ethyltrimethoxysilane, followed by coupling the product onto porous silica. The prepared packing was characterized by elemental analysis, solid-state 13 C NMR, and Fourier transform infrared (FT-IR) spectroscopy. Chromatographic evaluations were performed by using a mixture of organic compounds as the analyte and methanol-water as binary mobile phase. The influence of the composition of organic modifier on the retention behavior of basic compounds was studied. The hydrolytic stability of the packing between pH 2.5 -7.5 was also investigated. The results showed that the new stationary phase has excellent chromatographic properties and good hydrolytic stability.
Introduction
According to Ref. 1, RP-HPLC is still the workhorse of the chromatographic methods in the fields of biology and chemistry, and in the drug industries. A variety of chemically bonded phases, especially silica-based packing, have been used as stationary phases in RP-HPLC. 2, 3 Today more than 600 kinds of RP columns are commercially available worldwide, and newer and better RP columns are being brought onto the market. 4 A variety of stationary phases were bonded to siliceous supports through an intermediate silane containing active functional groups (e.g., amino-and epoxy-) for further modification. For example, alkylamide phases, which are efficient in separation of basic analytes, were synthesized using aminopropyltriethoxysilane as a coupling agent. [5] [6] [7] We have firstly used a new silane coupler-β-(3,4-epoxycyclohexyl)ethyltrimethoxysilane, which contains a highly active group, oxirane ring, and a bulky group, cyclohexyl, to react with octylamine and octanoic acid. This reaction was followed by coupling the intermediates onto silica to obtain a C8 amine-bonded and C8 ester-bonded RP-LC packing, respectively. 8, 9 The two new packings exhibited good chromatographic properties in the separation of basic compounds. In this study, the new coupler was reacted with 1-octanol under the catalysis of BF3·Et2O, followed by coupling the product onto silica to obtain the C8 ether-bonded phase (OEBP). The characterization and chromatographic evaluation of the new packing was studied.
Experimental

Chemicals and materials
1-Octanol (98+%) was purchased from Shanghai Chemical Factory (Shanghai, China); BF3·Et2O and β-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (98%) (β-ECTS) were purchased from Aldrich. Kromasil silica (mean particle diameter, 5 µm; specific surface area, 340 m 2 g -1 ; mean pore diameter, 10 nm) and Kromasil-C8 (carbon content, 12%) were purchased from Akzo Nobel (Bohus, Sweden). HPLC grade methanol was from Yuwang Chemical Factory (Shandong, China). Toluene and other reagents utilized were all of analytical-reagent grade. Doubly distilled water was used.
Apparatus
The HPLC equipment consisted of an LC-10AD HPLC pump (Shimadzu, Japan); SPD-10A UV/VIS spectrophotometer detector (Shimadzu, Japan); Rheodyne 7125 injection valve (Cotati, CA, USA); a JS-3000 chromatography work station was used for data processing (Dalian, China).
The column temperature was controlled by immersing the column in a thermostatted water bath. The theoretical plate numbers (N) were determined from peak widths at half height (w0.5) using the formula N = 5.54[tR/w0.5] 2 ; the asymmetry factor (As) was calculated at 10% of the peak height from the ratio of the widths of the rear and front sides of the peak.
Elementary analyses of bonded phase were done by a combustion method at Desert Analytics (Tucson, AZ, USA). The infrared spectra were acquired on an FT-IR 170-SX infrared spectrometer (Nicolet, USA). The solid state 13 C CP-MAS-NMR spectra of the bonded silica were obtained on a Bruker (Billerica, MA, USA) MSL-300 Spectrometer.
Pretreatment of silica gel
Twenty grams of silica gel were added to a round-bottom flask containing 200 mL of 20% hydrochloric acid, then the mixture was heated to reflux for 4 h. The treated silica gel was filtered, washed several times successively with water and acetone, and dried in a vacuum oven at 100˚C for 12 h. The dried silica was kept in a vacuum desiccator.
Preparation of bonded phase
The synthesis route is given in Fig. 1 . 1-Octanol (9.0 mL) was dissolved in a 250 mL three-neck round-bottom flask with 30 mL of dried toluene, then 0.4 mL of freshly distilled BF3·Et2O was added while stirring. After 5 min, a mixture of 6.6 mL of β-ECTS 3.5 mL in 20 mL of dried toluene was added dropwise while stirring. Then the flask was placed in an oil bath at 90˚C for 8 h to ensure complete reaction of the ringopening of the epoxide. 10 The intermediate product (I) was stored in a vacuum desiccator for latter use.
Dried silica gel (5 g) was placed in a 250 mL three-neck round-bottom flask and heated up to 150˚C for 6 h. Then the intermediate product (I) was drawn into the flask by vacuum. After the slurry was agitated at a refluxing temperature in an oil bath for 12 -16 h, the mixture was filtered out and washed with toluene and methanol several times, respectively, then dried in vacuum at 100˚C for 3 h.
Column packing
Bonded silica was packed into a stainless-steel column (150 × 4.6 mm i.d.) using conventional high-pressure slurry techniques. Chloroform and ethanol were used as packing solvent and displacement solvent, respectively.
Results and Discussion
Characterization of the packing
The results of elemental analysis for three batches of the packing are listed in Table 1 . Knowing that the specific surface of silica gel support is 340 m 2 g -1 (see Experimental section), we can calculate the surface coverage of the new bonded phase as 1.79 µmol m -2 . Figure 2 shows the FT-IR spectra of the final product and the starting silica of this packing. The figure shows that, compared to the spectrum of the starting silica gel, several new absorption bands have appeared in the spectrum of the final product. The peaks at 2932.2 cm -1 and 2860.6 cm -1 are asymmetric stretching vibration and symmetric stretching vibration of -CH2-, respectively; and the peak at 1459.0 cm -1 is also assigned to the bending vibration of -CH2-, which indicate the existence of methylene. The broad 1106.7 cm -1 band represents the stretching vibration of the ether-bond.
The solid-state 13 C CP-MAS-NMR of the final product is shown in Fig. 3 . It can be seen from the spectrum that the peaks near 65 and 56 ppm are assigned to the carbons 6 and 7, respectively, which means the success of the ring opening reaction. Peaks in the range of 10 to 37 ppm indicate the successful bonding of long alkyl chain-bonded phases.
In short, the data of elemental analysis and the spectra of FT-IR and solid-state 13 C CP-MAS-NMR confirm the success of the procedure of the preparation. Figure 4 shows the separation result of some aromatic compounds on the new stationary phase. It can be seen that the four solutes have high theoretical plate numbers and good peak shapes (e.g. benzene, N = 49100 n/m, As = 1.12), which demonstrates that OEBP can separate non-polar compounds effectively. Figure 5 shows the result of separation of some basic compounds including aminophylline, procaine, N,Ndiethylaniline and papaverine under methanol and water as mobile phase. These basic solutes all have good peak shapes and high theoretical plate numbers (e.g., aminophylline N = 35800 n/m, As = 1.22). The excellent chromatographic properties are due to the existence of a bulky group in the prepared stationary phase, which weakens the interaction between basic analytes and residual silanol groups on the silica surface. Figure 6 depicts plots of the logarithms of the retention factors of three basic solutes against methanol content of mobile phase. As shown in the figure, the log k decreased linearly with increasing mobile phase methanol content, which demonstrates that the column operated by a reversed-phase mechanism. Figure 7 depicts the hydrolytic stability of the OEBP under 6 The relationships between the content of methanol and the capacity factor k of three basic compounds. Conditions: flow rate, 1.0 mL/min; column temp., 20˚C; detection, absorbance at 254 nm. , Papaverine; , pyridine; , aminophylline. 
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Conclusions
A new C8 ether-bonded phase for RP-HPLC was synthesized by using β-(3,4-epoxycyclohexyl)ethyltrimethoxysilane as coupling reagent. The effect of organic modifier composition has been investigated.
Because there is a bulky-group cyclohexyl in the packing, compared with conventional reversed-phase materials, the new packing exhibits less "silanol effect" and can be useful in the separation of basic compounds with only methanol-water simple mobile phase system. In addition, the new packing exhibited high hydrolytic stability and can be used for a long time in the operation range of pH 2.5 -7.5.
